Abstract: We report experimental observations and numerical simulation results on the spectrum moving, narrowing, broadening, and wavelength switching of dissipative solitons (DSs) in an all-normal-dispersion Yb-fiber laser that is passively mode-locked by using the nonlinear polarization rotation (NPR) technique. We found numerically that the DS spectrum moving, together with spectrum narrowing/broadening, is caused by the effective gain profile change resulted from the moving of the artificial spectral filter. Furthermore, we show that the wavelength switching observed in the laser is a natural consequence of the effective gain switching. The moving of the artificial spectral filter could be originated from either the cavity birefringence change or the polarizer rotation. Due to the broad gain and the artificial birefringent filter introduced by the NPR technique, apart from the central wavelength shifting and bandwidth changing, wavelength switching of DSs could be obtained by simply rotating the polarizer. Numerical simulations well reproduced the experimental observations. Our results suggest that extra effort should be made for wavelength tuning if there is any polarization-dependent component in the cavity as the wavelength switching will interrupt the continuously wavelength shift.
Introduction
Dissipative solitons (DSs) exist in a wide range of physical systems [1] . In optics, DSs have been observed in mode locked fiber lasers, and their dynamics is described by the complex GinzburgLandau equation (GLE). Bé langer et al. have predicted the existence of solitary pulses in nonlinear dispersive gain media with a finite gain bandwidth, either in the anomalous or the normal dispersion regime [2] . Soto-Crespo et al. have obtained an analytical soliton solution of the complex GLE with normal dispersion [3] . However, it was until recently that DSs were experimentally observed in allnormal-dispersion fiber lasers [4] - [12] . Extensive researches have shown that spectral filtering played a crucial role on the DS formation in fiber lasers, where spectral filtering can be provided by the gain bandwidth, for example in the case of Erbium-doped fiber (EDF) lasers [4] ; or generated by a bandpass filter with narrow bandwidth as in the cases of Yb-doped fiber (YDF) lasers [6] ; or by an equivalent artificial filter with narrow passband [9] - [12] . Due to the broad gain bandwidth of the YDFs ($40 nm), a bandpass filter is generally required to favor the DS formation in the YDF lasers [6] - [12] . Various types of bandpass filters have been used, e.g., an interference filter with 10 nm bandwidth [6] ; a fused coupler with about 15 nm passband [9] ; a birefringent filter caused by a birefringent plate together with a polarization beam splitter [10] ; a fiber-based Lyot filter with 8.6 nm effective filter bandwidth [11] ; and an invisible birefringent filter formed by the cavity birefringence and an intracavity polarizer [12] . We note that while the interference filters have only one passband, the Lyot type filters and the birefringent filters have periodic passbands.
Spectral tuning is one of the attractive features of the mode locked fiber lasers, which is useful in medical and biological researches. A straightforward way to achieve wavelength tuning of the mode-locked pulses is to shift the passband of the spectral filter inside the cavity. Continuous soliton wavelength tuning in a range of 29 nm was demonstrated in an anomalous fiber laser by rotating the orientation of an intracavity birefringent filter [13] . By changing the angle of incidence of an interference filter in the cavity, 35 nm wavelength tuning range was achieved from 1015 nm to 1050 nm. However, broad wavelength shifting was impossible when the interference filter was replaced by a Lyot filter [14] . Xu et al. studied the dual-wavelength operation in an Erbium-doped fiber laser mode-locked through the nonlinear polarization rotation (NPR) technique [15] . Wavelength switching of traditional solitons was observed, where the central wavelength of the soliton was switched between 1532 nm and 1558 nm with slightly tuning of the polarization controller. Kong et al. reported continuously wavelength tuning of 46.3 nm of DSs in an all-normaldispersion Yb-fiber laser [16] . However, no wavelength switching was reported. By using graphene as the saturable absorber, Zhang et al. reported wavelength tuning of DSs in an Er-fiber laser with large net normal cavity dispersion [17] . The wavelength tuning of mode locking pulses from allanomalous dispersion to all-normal dispersion was explored in Er-fiber laser mode-locked with atomic layer graphene [18] . Generation of tunable single-and dual-wavelength dissipative solitons in an all-normal-dispersion mode-locked Yb-doped fiber laser was reported recently. Besides single-wavelength mode-locking, dual-wavelength mode-locking was achieved using an in-line birefringence fiber filter with periodic multiple passbands [19] . Wavelength-tunable and wavelengthswitchable mode-locked Yb-doped fiber laser based on single-walled carbon nanotube wall paper absorber was also reported [20] . It is to point out that in the aforementioned work [15] - [20] , to obtain the wavelength tuning or wavelength switching the cavity birefringence was generally modified. It is difficult to determine the quantity of the cavity birefringence change. So far most work are experimental observations [16] - [20] . Numerical simulation was done for the case of traditional soliton operation in the anomalous dispersion regime only [15] .
In the anomalous dispersion fiber lasers soliton shaping is mainly due to the natural balance between the anomalous dispersion effect and the fiber nonlinearity, spectral filtering only plays a minor role. Therefore, the filter passband shift normally does not destroy the formed soliton but only shifts its wavelength. The situation is a little bit different for DSs formed in the normal dispersion fiber lasers, where the spectral filtering is a crucial part of the soliton shaping. The shift of the passband of the spectral filter changes the effective gain profile, which varies the effective gain dispersion. As the DSs are the consequence of the combined effects among the cavity dispersion, fiber nonlinearity, gain and loss, and spectral filtering, it is desired to study the DS wavelength tuning/switching behaviors beyond the experimental observations, especially when the intra-cavity spectral filter has multiple passbands.
In this paper, we show experimentally that wavelength switching exists when the multiple passbands of the intra-cavity spectral filter move. Instead of changing the cavity birefringence, the method of rotating the intra-cavity polarizer was adopted to vary the effective spectral filter in the laser. Due to the broad gain bandwidth and the artificial birefringent filter introduced by the NPR technique, apart from the central wavelength shifting together with bandwidth changing, wavelength switching of DSs could be obtained by simply rotating the polarizer. Numerical simulations well reproduced the experimental observations and suggested that the spectrum tuning and the wavelength switching are caused by the change of the effective gain, which is determined by either the cavity birefringence or the orientation of the intracavity polarization. Our results show that extra effort should be made for wavelength tuning if there is any polarization dependent component in the cavity as the wavelength switching will interrupt the continuously wavelength tuning.
Experimental Observations
The fiber laser used is shown in Fig. 1 . The free-space part is a fiber bench (from OFR) with an attached polarizer, which is used to achieve the mode locking based on the NPR technique. The polarizer is rotatable. All the fibers are the standard single mode fiber (Corning HI1060) except the gain fiber, which is a segment of 35 cm YDF (FIBERCORE AD465-00). A fiber-type polarization controller (PC) is used to control the polarization of light in the cavity. The unidirectional operation of the laser is forced by a fiber-type polarization independent isolator. The laser is pumped by a 976 nm pump laser through a wavelength-division-multiplexer, and the output of the laser is via a 10% fiber coupler. No explicit narrow bandpass filter is used in the cavity.
Due to the existence of the polarizer and the cavity birefringence, which comes from the fiber segments, an invisible birefringent filter is inherited [12] . The bandwidth and the free spectrum range of the birefringent filter are determined by the cavity birefringence. In the experiment rotating the paddles of the PC changes the cavity birefringence. Although the YDF has a broad gain profile, due to the bandwidth limitation of the artificial birefringent filter, the effective gain of the laser has a narrow bandwidth. Therefore, under the effective gain bandwidth limitation DSs can be formed in the laser.
DSs with characteristic steep spectral edges were easily obtained. Self-starting mode locking of DSs could be obtained with appropriate setting of the orientations of the PC paddles. We note that we have taken the center of the edge-to-edge spectrum as the central wavelength of the DSs instead of using the maximum of the spectral intensity. Moreover, we have taken the 20-dB bandwidth as the bandwidth of the DSs. Continuously central wavelength tuning of the DSs can be achieved by rotating either the polarizer or any PC paddle under fixed pump power. Instead of the general method of rotating the PC paddles which changes the cavity birefringence, here we rotate the intra-cavity polarizer to vary the artificial birefringent filter. The rotation of the PC paddles changes the cavity birefringence, which, simultaneously, moves the birefringent filter and varies the profile of the birefringent filter. The rotation of the polarizer does not change the cavity birefringence but moves the birefringent filter with fixed period, which significantly simplifies the analysis of the DS dynamics. Fig. 2(a) shows for example two separated continuously tuning ranges for stable DSs. The associated Video A shows the detailed dynamics of the fiber laser under fixed pump power and the rotation of the polarizer. Starting from the DS with central wavelength of 1042.8 nm and bandwidth of 10.2 nm, we rotated the polarizer with all the other operation conditions fixed and recorded the states at every 1-degree interval. At first, the central wavelength of the DS continuously shifted to 1041.8 nm while the bandwidth changed from 10.2 nm to 6.3 nm as shown in Fig. 2(b) and the pulse duration varied from 45.6 ps to 52.0 ps, then two CW lasing appeared instead of the DS mode locking as shown in Fig. 2(c) , followed by a new DS formation at the wavelength of 1064.4 nm, further tuning the polarizer led to continuous wavelength tuning of the new DS and its central wavelength shifted from 1064.4 nm to 1066.3 nm, while its bandwidth varied from 5.2 nm to 9.8 nm as shown in Fig. 2(d) and the pulse duration changed from 60.7 ps to 50.8 ps. The evolution is reversible. The DS generation at around either 1042 nm or 1066 nm and the spectrum tuning features suggest that all the components of the fiber laser should have broad bandwidth. Both the continuously tuning ranges are less than 2 nm, which is far smaller than that observed with the conventional solitons [13] , while the DS bandwidth can change more than 4 nm. The required rotating angle of the polarizer for the wavelength switching was determined by the orientations of the PC paddles. Experimentally we can achieve wavelength switching within 1 degree rotation of the polarizer.
Theoretical Modeling and Simulation Results
To get an insight on the DS evolution in the laser especially the DS wavelength switching, we numerically simulated the laser operation. The detailed description of the model and simulation technique can be found in Ref. [5] . Briefly, we used the coupled complex GLEs to describe the light propagation in the fibers. By circulating the light in the laser cavity and taking into account the action of each cavity component, we explicitly considered the laser cavity boundary effect, gain saturation and pulse peak clamping effect. To possibly close to our experimental conditions, we used the following simulation parameters [21] The laser cavity can be simplified as shown in Fig. 3 . The cavity transmission is described by [13] 
where is the angle between the fast axis of the equivalent polarization controller and the vertical axis of the fiber polarization; ' is the angle between the transmission axis of the analyzer and the vertical axis of the fiber polarization as shown in Fig. 3 ; È l is the linear phase delay and È nl is the nonlinear phase delay. In the simulation, we considered the fiber polarization axis is same along different fiber segments. Therefore, the linear phase delay includes three parts: the cavity linear phase delay bias (CLPDB) resulted from the bias of the polarization axis between different components, the phase delay induced by the PC, and the linear phase shift caused by the fiber birefringence
where c is the signal central wavelength; Á is the wavelength detuning. Therefore, there are two ways to change the cavity transmission curve or the cavity spectral filter: one is to change the cavity birefringence, which can be achieved by rotating the paddles of the PC; the other is to vary the CLPDB, which can be realized by rotating the polarizer. The former method simultaneously moves the spectral filter and change the filter shape, while the latter one shifts the spectral filter with fixed period. Numerical simulations well reproduced the experimental observations. Numerically, together with the changing of the CLPDB, the angle between the fast axis of the equivalent polarizer and the vertical axis of the fiber polarization must change correspondingly to maintain the mode locking. Fig. 4(a) shows the optical spectra of the calculated DSs when the small-signal-gain was fixed at 6000 km À1 and the CLPDB was 1:6 and 0:4, respectively. The angle between the fast axis of the equivalent polarizer and the vertical axis of the fiber polarization was correspondingly changed from 0:125 to 0:375 to keep the mode locking [22] . Similar to the experimental observations shown in Fig. 2(a) , DS generation at blue-and red-shifted wavelength was obtained, respectively. Fig. 4(b) shows for example the bandwidth narrowing together with the central wavelength blue-shift when the angle between the fast axis of the equivalent polarizer and the vertical axis of the fiber polarization is changed from 0:125 to 0:125 À =18, while the CLPDB is fixed at 1:6. Fig. 4(c) shows the bandwidth broadening together with the central wavelength red-shift when the angle between the fast axis of the equivalent polarizer and the vertical axis of the fiber polarization is changed from 0:375 to 0:375 þ =45, while the CLPDB is fixed at 0:4.
Mechanism of Spectrum Moving, Narrowing, Broadening, and Wavelength Switching
The invisible birefringent filter is caused by the polarizer and the cavity birefringence. Experimentally rotating either the PC paddles or the polarizer changes the birefringent filter. To understand the existence of the two far separated mode locking regimes, we plot the corresponding cavity transmission curve in Fig. 5 . As the birefringent filter has multiple passband and the gain 
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DSs in All-Normal-Dispersion Yb-Fiber Lasers profile is broad, for each CLPDB there are two separated effective gain regimes for DS generation, which is denoted by the overlapped regimes between the cavity transmission curve and the gain profile. Here, we assume the gain has a Gaussian profile and the bandwidth is 40 nm. The black covered regimes indicate effective gain for both CLPDB settings. Therefore, once the CLPDB is around 1:6, the most likely central wavelength for DS appearance is around 1042 nm; once the 
DSs in All-Normal-Dispersion Yb-Fiber Lasers CLPDB is around 0:4, the most possible central wavelength for DS appearance is around 1066 nm. Continuously tuning of DS central wavelength can be achieved around these two separated regimes. The rotation of the intra-cavity polarizer is equivalent to shift the birefringent filter with fixed period. Therefore, either blue-shift with bandwidth narrowing or red-shift with bandwidth broadening can be obtained around either central wavelength of 1042 nm and 1066 nm, respectively. Wavelength switching is straightforward to connect these two far-separated regimes and it can be achieved by either changing the cavity birefringence or rotating the intra-cavity polarizer. Depending on the setting of the cavity birefringence, the bandwidth of the birefringent filter could be narrow, which makes the fast wavelength switching possible by rotating the polarizer even within one degree. We note that in the simulation the beat length is about 0.3 m, which is far less than the general beat length of standard single-mode fiber that has an intrinsic birefringence of $10 À7 (beat length of $10 m). The difference comes from the strong birefringence from the PC.
The invisible birefringent filter is caused by the polarizer and the cavity birefringence. As the cavity birefringence always exists in fiber lasers, the wavelength switching behavior exists if there is any polarization dependent component in the fiber laser.
Conclusion
In conclusion, we have presented DS wavelength switching in an all normal dispersion YDF laser by simply rotating the intra-cavity polarizer. The rotation of the polarizer resulted in the moving of the invisible birefringent filter in the cavity, which caused the effective gain switching in the fiber laser. Thus the wavelength switching of DS is generated. Apart from the wavelength switching, the DS spectrum broadening/narrowing together with wavelength moving is experimentally observed and numerically demonstrated. Numerical simulations qualitatively confirm the experimental observations and suggest that extra attention should be addressed for continuous wavelength tuning if there is any polarization dependent component in the cavity.
